This paper discusses the processes leading to the formation of 'hot' atoms and radicals possessing excessive translational energy in high-voltage NS pulse discharges. It is shown that the formation of such 'hot' atoms occurs efficiently both in the dissociation of molecules by direct electron impact, and in the collisional quenching of electronically excited states. Depending on the magnitude of the reduced electric field in the discharge, reactions of these 'hot' atoms increase the initial concentration of radicals in the discharge afterglow two to three times when compared with the values calculated without effects of translational non-equilibrium. The role of thermally non-equilibrium excitation has been demonstrated in the formation of the initial distribution of the chemically active components in the mixture and its influence on the kinetics of ignition initiation at low and high temperatures. It was found that in undiluted mixtures the presence of 'hot' atoms can significantly decrease an ignition threshold and accelerate a low-temperature oxidation.
Introduction
Currently, the methods of thermally non-equilibrium control of chemical processes are in demand [1] . Possible solutions include plasma-based methods for the generation of strongly non-equilibrium low-temperature plasma and gas excitation by electron impact; methods of selective multi-photon laser excitation of high electronic states, which can effectively initiate radical formation owing to decay or collisional quenching; selective IRlaser excitation of low-lying vibrational and electronic levels, leading to the accumulation of highly reactive excited molecules.
An important factor in the formation of these radicals and excited particles is the population and the subsequent depopulation of high-energy states. During this process, the part of the energy expended on the level's excitation can be converted into energy of translational motion of the products. The translational energy of the products of the decay of highly excited molecules and quenching reactions of electronically excited states may be as high as several eV. These translationally 'hot' atoms and radicals usually quickly redistribute (within a few collisions) this excessive energy across a gas, which leads to the process of 'fast heating' [2, 3] . However, in chemically active systems with high concentrations of fuel and oxidizer, such 'hot' radicals may start a chemical reaction faster than their energy drops to the equilibrium value for the system. This part of the chemical reactions does not depend on the average temperature of the gas and may initiate the formation of radicals and chemical chains at low and even cryogenic temperatures. This paper deals with the analysis of the effect of formation of translationally 'hot' atoms and radicals in the processes associated with the excitation of the molecules in pulsed discharges at high overvoltage and the contribution of these components to the initiation of chemical reactions at low temperatures. Figure 1 shows a typical set of cross sections of the processes of electron-impact excitation of molecular hydrogen. At low electron energies (less than 0.05 eV), the main process is elastic collisions with hydrogen molecules. Electron energy losses are determined only by the direct energy transfer to the translational degrees of freedom of molecules and lead to slow growth of the temperature of the gas. Note that owing to the low efficiency of the energy exchange with heavy molecules (approx. 2 m M −1 ∼ 5 × 10 −4 ), even for electron energy of 10 eV, the energy transferred in a single collision along one coordinate does not exceed 0.005 eV (approx. 60 K). Such an increase of the energy of translational motion of a single molecule does not lead to a significant increase in the reaction rate coefficients and does not allow a production of high radical concentration in the system. At higher energies of electrons, the process of excitation of internal degrees of freedom of the molecules becomes possible. In this range (0.05-15 eV), the fastest process is the excitation of rotational levels of the molecule. The small value of the rotational quantum and high rate of RT energy exchange generally do not allow the usage of rotational excitation as an effective channel of radical production. 
Mechanism
This reaction is about 3000 times faster than the competing reaction involving H 2 (v = 0). A relatively large cross section of the process of vibrational excitation of hydrogen makes it an important channel for the chain branching in hydrogen-air mixtures.
At electron energies above 8 eV, the electronic levels of the hydrogen molecule can be excited. At electron energy of about 20 eV, cross sections of processes of triplet and singlet electronic states population are very large (figure 1). Thus, under such conditions, the dissociation processes by direct electron impact through excitation of repulsive triplet term 1 3 Σ u and radiative dissociation through the excitation of the 3 Σ g level with subsequent decay to the repulsive term become possible.
The difference between the excitation energy of the repulsive term and the dissociation threshold of molecular hydrogen is greater than 4.5 eV, and can reach 10-12 eV (figure 2). The excess energy is converted into energy of translational motion of the hydrogen atoms relative to each other. The kinetic energy of the atoms in the coordinate system of the centre of mass will be 2.2-6 eV (table 1).
The translational relaxation of such an excess energy of atoms occurs during several collisions. Under normal conditions of non-reactive media or a strong dilution of the chemically active mixture by non-reactive gas, the energy distribution function for translational energy becomes Maxwellian in elastic collisions, and the result of this process is the temperature increase of 
Figure 3. Potential energy curves and excitation by electron impact for molecular oxygen and pathways of 'hot' atom formation [5] . (Online version in colour.)
the entire system. This rapid process of energy transfer from the electric field to the internal degrees of freedom of the gas, and then to the translational energy is called 'fast heating' and has been described in detail for different conditions in recent papers [2, 3] . However, in the case of a chemically active system, the situation may change dramatically because of the possibility of chemical reactions involving the 'hot' atoms. In the process of the translational energy relaxation, such atoms pass the energy range corresponding to the maximum probability of a chemical reaction. The frequency of reaction collisions and the frequency of relaxation collisions become comparable to each other, regardless of the initial temperature of the system. Thus, the probability of the chemical reaction depends on the concentration of a suitable reactant in the system. In the case of stoichiometric hydrogen-air mixtures, 'hot' hydrogen atoms at cryogenic temperatures will react with molecular oxygen and nitrogen, increasing the initial amount of the radicals in the system: where the index 'h' marks atoms having an excessive translational energy, whereas the index 'eq' marks processes under equilibrium conditions. [7] . (2.2) Owing to the high activation threshold, both reactions (2.1) and (2.2) cannot proceed at low temperature. Thus, for the process H + O 2 → OH + O, the rate constant at T = 300 K is equal to k(300) = 2.5 × 10 −21 (cm 3 molecule −1 s −1 ), and for the reaction H + N 2 = N + NH, evaluation of the rate constant at room temperature shows [6] k(300) ∼ 10 −97 (cm 3 molecule −1 s −1 ). At the same time, the processes (2.1) and (2.2) with the participation of 'hot' atoms can proceed at a rate which is close to the rate of gas kinetic collisions in both cases: k ∼ 2-5 × 10 −10 (cm 3 molecule −1 s −1 ). Thus, the reactions with the 'hot' atoms at low temperatures are the only option for chain initiation. It should be noted that at very high energy of the translational motion of the reagents the reaction rate slows down because of the reduction of the interaction time. However, during the process of TT relaxation, all the atoms pass the energy range which corresponds to the maximum cross sections of the reaction. It should be noted that the processes of excitation of molecular nitrogen and oxygen by electron impact also lead to the formation of 'hot' atoms. However, this occurs by different mechanisms. Figure 3 shows the processes of electron impact excitation of molecular oxygen levels close to the dissociation threshold. It should be noted that in the case of molecular oxygen it is sufficiently difficult to ascribe the observed cross section for the electron impact excitation process to a specific energy level because of high density of states (figure 3). Therefore, usually, the excitation cross section is attributed to the group of states located in a specific energy range (table 2) .
Processes of excitation of molecular oxygen by low-energy electrons lead to dissociation through repulsive terms with excitation energy 5.6 and 8.5 eV. Excitation of a state at 5.6 eV gives the products O( 3 P) + O( 3 P) and that at 8.5 eV gives the products O( 3 P) + O( 1 D). The population of lower vibrational levels of B 3 is possible from the excited vibrational levels of the ground state X 3 , which lead to pre-dissociation to O( 3 P) + O( 3 P) (figure 3).
Maximum cross sections of these processes and the corresponding energies are shown in table 2. It is clearly seen that at high values of the electron energy (which correspond to large values of the reduced electric field), the main channel of the electron impact dissociation from the ground state is the channel with energy threshold of 8.5 eV, which leads to the formation of atomic oxygen in ground O( 3 P) and excited O( 1 D) states. In this case, both the atoms will have considerable energy of translational motion, which may be as high as 1.3 eV (figure 3). Atomic oxygen, having an excess of translational energy will react both with molecular nitrogen, and with molecular hydrogen at low average temperature of the mixture:
Thus, even in the case of pure air, the additional formation of nitric oxide owing to very slow three-body recombination of nitrogen atoms is possible:
Thus, 'hot' hydrogen and oxygen atoms formed during dissociation by electron impact through repulsive states may lead to the formation of additional radicals and nitrogen oxides, which is usually observed only at high temperatures. An excitation of molecular nitrogen by electron impact generates a completely different picture of ignition initiation. Triplet states A 3 , B 3 , C 3 have large excitation cross sections (table 3) , and a significant part of the energy of the discharge at reduced fields above the breakdown threshold is spent for excitation of these levels.
Depopulation of these levels in fuel-air mixtures takes place through a collisional quenching by oxygen or fuel molecules, and leads to their dissociation. Radiative depopulation of states B 3 and C 3 , though possible (figure 4), is slow and at a pressure above 30 Torr in the air the collisional channels of quenching will begin to dominate. 
Figure 4. Potential energy curves for molecular nitrogen and excitation of triplet states by electron impact [5] . Collisional quenching of these states by molecular oxygen and hydrogen leads to 'hot' atom formation. (Online version in colour.) Note that for nitrogen processes of formation of 'hot' N atoms by electron impact, dissociation through repulsive states at excitation energy above 12 eV are also possible (figure 4). However, such processes require high-energy electrons and are rather slow in comparison with the mechanisms of 'hot' H and O atom production.
Analysis
The main processes leading to the formation of 'hot' atoms by excitation of the system hydrogenair in a discharge are shown in table 4. Note that owing to the high energy of the electronically excited hydrogen H(n = 2) virtually all atomic hydrogen is formed in the ground electronic state H( 1 S). In contrast, for oxygen the formation of ground and excited states O (table 3) , and these channels become effectual only at low E/n or at low pressures when the N 2 (C 3 ) state is depopulated primarily by radiation and not by collisional mechanism.
Dissociation of molecular oxygen by electron impact at high E/n usually takes place via an excited state at 8.5 eV. This excitation leads to the formation of one excited and one unexcited oxygen atom ( Molecular hydrogen dissociation by electron impact at moderate electric fields in the discharge mainly produces unexcited atoms through the repulsive state 1 3 Σ u . Relative energy of motion of these atoms before the translational relaxation exceeds 4 eV (table 4) . Table 5 summarizes the most important processes in terms of radical production at low temperatures in a hydrogen-air system in a post-discharge stage. The processes with the participation of 'hot' atoms (corresponding rate constants are given with the index 'h'), competing processes of radical production involving particles with Maxwellian distribution across translational degrees of freedom ('eq') and electronically excited ('ex') particles are also shown. Recombination processes lead to the loss of 'equilibrium' atoms. Similarly, quenching processes limit the effectiveness of electronically excited particles. Translational relaxation leads to the losses of 'hot' atoms.
Chain branching reaction H + O 2 = O + OH at T = 300 K has the rate constant k eq (300 K) = 2.5 × 10 −21 (cm 3 s −1 ), which is significantly lower than the rate of recombination of 'cold' atoms (1.6 × 10 −12 (cm 3 s −1 ) at p = 1 atm). In fact, the rates of these processes become close to each other only when the temperature reaches the autoignition temperature of the mixture. At the same time, the reaction involving the 'hot' atoms formed during dissociation of H 2 by electron impact has a rate constant k h = 1.6 × 10 −10 (cm 3 s −1 ), and leads to the formation of additional radicals with probability close to 50% (the rest of the 'hot' atoms will be thermalized in collisions, and recombine).
A similar pattern is observed for atomic oxygen generated in the discharge (table 5) . The chain branching reaction has at T = 300 K the rate constant k eq (300 K) = 9.3 × 10 −18 (cm 3 s −1 ), and cannot compete with the recombination reaction at temperatures up to T = 650 K. At the same time, the rate constant of the reaction with the 'hot' atom is almost seven orders of magnitude larger, which opens the channel of additional radical formation at low temperatures.
Typically, up to autoignition temperature, the processes of recombination and conversion of atomic radicals are much faster than the reaction of radical production involving 'cold' atoms. In addition, for high-energy collisions involving atomic hydrogen, the process of 'direct' dissociation of molecular oxygen is possible. Estimations in a recent paper [15] show that the rate constant of such a dissociation can reach approximately 10 −13 (cm 3 s −1 ) at energy of 0.5 eV. At energies of a few electron volts, almost every collision of 'hot' hydrogen atoms with molecular oxygen will lead to O 2 direct dissociation.
Another important channel for the production of radicals and chain branching at low temperature is reactions with O( 1 D). As can be seen from table 5, the electronically excited atomic oxygen can react with molecular hydrogen with almost gas-kinetic rate coefficient. The effectiveness of this channel is somewhat reduced because of the processes of collisional quenching of the O( 1 D) state. The total quenching rate for the hydrogen-air mixture is approximately two times higher than the rate of the reaction channel (table 5) . Nevertheless, this channel along with the responses of 'hot' atoms is an essential process of increasing the number of active radicals in the discharge afterglow. Figure 5 shows the dependence of radical formation by different mechanisms on the value of the reduced electric field in the discharge E/n. The magnitude of the reduced electric field changes the ratio of the production channels of 'hot' atoms (table 4), and thus affects the mechanism of formation of radicals in the discharge afterglow.
At the lowest values of the field (E/n = 100 Td), dissociation of hydrogen by electron impact excitation and through quenching of triplet states of nitrogen is less effective than the dissociation of oxygen. Dissociation of oxygen by electron impact leads to almost equal formation of 'hot' atoms in the ground state O ( (table 5) . Vice versa, the hydrogen atoms with additional translational energy have slower rates of TT relaxation because of the mass difference and can use all this energy in reactive collisions. As a result, the total rate of production of radicals in the system is almost tripled when 'hot' H atoms are taken into account (figure 5).
Increasing of reduced field E/n increases the role of channels which require higher electron energy-direct dissociation of oxygen by electron impact with O( 1 D) formation and excitation of triplet states of nitrogen (mainly C 3 ) with subsequent quenching by O 2 (table 4). Excitation of nitrogen and its quenching by molecular oxygen lead to the efficiency increase of radical production by electronically excited oxygen atoms in 1 D state.
At the same time, the quenching of the triplet states of nitrogen by hydrogen molecules and hydrogen dissociation by direct electron impact lead to the appearance of the channel of radical production associated with 'hot' hydrogen atoms. The role of the channel increases when the reduced field increases from 100 to 500 Td, and at high E/n the efficiency of this channel becomes two times higher than the efficiency of the channel with O( 1 D) reactions (figure 5). Thus, 'hot' atoms and their reactions are more than triple the production of active radicals in the gas discharge at low temperatures, when the equilibrium reaction rates of chain initiation and branching are lower than the rates of recombination reactions. For example, the reactions of O and H atom conversion into 'semi-radicals' HO 2 and O 3
at p ∼ 1 atm have higher rates than reactions of chain branching up to temperature of mixture selfignition (table 5) . 'Hot' atoms, on the other hand, cannot recombine until complete TT relaxation and can initiate chains. Figure 6 shows the influence of translational non-equilibrium on the ignition delay time in lean hydrogen-oxygen mixture. The cases presented: (i) ignition delay time, calculated using thermal mechanisms only (the model of Burke et al. [12] was used for autoignition analysis in H 2 -O 2 mixture), (ii) the same calculations, but with additional 1000 ppm of H atoms in thermal equilibrium with the gas, and (iii) the same calculations, but with additional 1000 ppm of translationally hot H atoms (real mechanism of non-equilibrium excitation of the molecules in gas discharge by electron impact and final time of translational relaxation were taken into account). The energy release in the discharge leads to temperature increase in cases (ii) and (iii) in comparison with case (i). This additional temperature increase was taken into account by increasing the initial temperature under thermally equilibrium conditions. The lean H 2 -O 2 mixture contains relatively small amount of major TT relaxant (H 2 ). H atoms cannot effectively exchange the energy with heavy oxygen molecules and remain 'hot' for a long time. As a result, they produce more radicals in comparison with the H atoms, which are in thermal equilibrium with the gas (figure 6), and significantly accelerate the ignition even above autoignition threshold. The temperature decrease increases the role of 'hot' atoms. At room temperature conditions, only these 'hot' atoms and electronically excited radicals can initiate radical multiplication.
The stoichiometric H 2 -O 2 mixture contains four times more molecular hydrogen. Thus, the TT relaxation of excess translational energy becomes almost four times faster. Nevertheless, the system is still very sensitive to the 'hot' atoms (figure 7). The major reason for almost identical sensitivity of lean and stoichiometric mixtures on translational non-equilibrium is very big chain length in stoichiometric mixtures. Every additional radical initiates a long chain of chemical reactions with a significant energy release. That is why the overall effect of 'hot' atoms in stoichiometric mixtures is almost the same as in the lean ones, despite the higher rate of TT relaxation.
Dilution of the H 2 -O 2 mixture with nitrogen ( figure 8 ) slightly increases the TT relaxation rate of 'hot' H atoms in comparison with the rate of the chemical reactions with their participation. Decrease of the reaction collision frequency (because of oxygen concentration decrease) is compensated in part by the decrease of TT relaxation rate (because of decrease of hydrogen concentration). The ignition threshold shift remains significant and reaches T = 30 K. At high temperature, the TT relaxation leads to almost equal effect of 'equilibrium' and 'hot' H atoms. Further temperature decrease down to room temperature conditions will increase the role of 'hot' atoms dramatically. Figure 9 shows the ratio between the ignition delay time calculated for mechanism with 'thermally equilibrium' atom formation (τ 1 ) and ignition delay time calculated by taking into account the translational non-equilibrium and TT relaxation of atomic oxygen and hydrogen (τ 2 ).
In the mixture with methane, translational non-equilibrium of both H and O atoms is important. 'Hot' O atoms can now effectively use their excess translational energy to overcome the reaction energy threshold. High rate of TT relaxation of O atoms leads to their fast thermalization. Despite this, approximately 25% of 'hot' O atoms will react with methane before thermalization. 'Hot' H atoms can react with both oxygen and methane molecules. As a result, the methane-air stoichiometric mixture demonstrates almost the same sensitivity to atom production with excess translational energy as hydrogen-air mixtures, even at high temperatures.
Conclusion
Dissociation of molecules by electron impact, dissociation by collisional quenching of electronically excited states, and dissociative electron-ion and ion-ion recombination in non-equilibrium plasma lead to formation of atoms with excess translational energy. Processes of these 'hot' atom formation in pulsed discharges at high overvoltage, TT relaxation and chemical reactions with their participation are analysed. It is shown that the atoms with excess translational energy play a significant role in formation of chemically active radicals in the
